ABSTRACT This paper addresses the design and application controller for a small-size unmanned aerial vehicle. A new robust sliding mode controller (SMC) is proposed to improve the performance under internal model uncertainty and external disturbance conditions. To precisely control the attitude and position, a new SMC based on the backstepping technique is formulated to guarantee the attitude system stability. To implement this controller, an extended state observer is used to estimate the unmeasurable states and external disturbances. Moreover, a new sliding mode control method with the backstepping technique is applied to ensure that the position system is stable. In addition, the Lyapunov theory demonstrates the stability of the attitude and position loops. Finally, the numerical experimental flight results are provided to illustrate the effectiveness and robustness of the proposed controller.
I. INTRODUCTION
In recent years, unmanned aerial vehicles (UAVs) have become a popular and active research topic among worldwide scholars. UAVs can carry many types of sensors to work where the environment is dangerous or unreachable for human beings [1] , [2] . Among different types of UAVs, the unmanned quadrotor helicopter has attracted great attention because it can vertically take off and land. In contrast with a traditional expensive full-size helicopter, which has a notably complicated mechanical transmission structure, an unmanned quadrotor helicopter is composed of the electrical actuators and can be much more easily built at a significantly lower cost. Nevertheless, the nonlinearity, instability, and model error characteristics of the quadrotor helicopter make it challenging to design an efficient controller for stable flying and accurate path tracking in the real world [3] - [7] .
Recently, researchers have proposed various advanced control methods for helicopters such as backstepping control [8] , linear and adaptive backstepping methods [9] , model predictive control [10] , nonlinear model predictive control [11] - [13] , sliding mode control [14] , and robust controllers [15] . As a nonlinear control method, the sliding mode control (SMC) shows excellent performance in resolving nonlinear system control problems against uncertain model parameters and external disturbances. With the development of a new control theory, a SMC with intelligent control techniques can be introduced to control quadrotor helicopters. A robust nonlinear controller is presented in [16] , which combines backstepping control technology and a sliding mode control for quadrotor helicopters. Xiong et al. [17] develop a global fast dynamic terminal sliding mode controller for quadcopter attitude tracking to resolve the finite-time convergence problem. A second-order sliding mode control for a small quadcopter is proposed in [18] , and the switching sliding manifolds are defined via Hurwitz equations. The Lyapunov exponent method is used to quantitatively stabilize the system. Liu et al. [26] improve the Lyapunov stability method by describing the relationship between structural parameters and dynamics stability for a quadrotor helicopter. All of these works are effective in assuming that the feedback is measurable and precise.
These proposed SMC methods are too limited to guarantee accurate position tracking in real quadrotor helicopters, since they use approximation and ideal feedback information. In the real world, it is impossible to measure the feedback at all times. Thus, an extended state observer (ESO) is considered to improve the observer performance and resolve this issue in this article. The ESO was first proposed by Han [19] and has been introduced in many control methods [20] - [23] . The environment disturbances, model errors, and other uncertain parameters can be considered in the observer [22] . A new sliding mode control method for a quadrotor helicopter, called QH-1 (as shown in Fig. 1 ), is proposed to improve traditional SMC performance. The controller design, based on the QH-1 dynamic model, does not need to calculate the disturbance bounds. An ESO is designed to estimate the unmeasurable states and external disturbances. We implement it in the attitude control loop with the SMC technique. Moreover, a backstepping technique is introduced in the feedback form to stabilize the position control output. A series of virtual controllers are designed to solve the SMC problems and can be finally determined. The proposed method enables one to design a robust controller for small quadrotor helicopters and guarantee precise path tracking.
This paper is organized as follows. In section 2, the dynamic model of QH-1 is first developed without simplification. Then, the controller design process is presented in detail in section 3. In section 4, comparable experiments on quadrotors are presented to illustrate the efficiency and robustness of the proposed controller. The conclusions of this paper are presented at the end.
II. DYNAMIC MODEL
Because a quadrotor is unstable and underactuated, it is challenging to design a controller to realize QH-1 stability and robust flying performance in a real-world setting. Many factors can affect the controller performance, including wind disturbance, body vibration, inner model uncertainty, and electromagnetic interference. To resolve these problems, a reliable model must be built before designing a controller.
The schematic configuration of QH-1 in Fig. 1 is shown in Fig. 2 relationship betweenξ and ω b can be expressed asξ = Rω b ; S ( * ) , T ( * ) and C ( * ) are sin ( * ) , tan ( * ) and cos ( * ) ; matrix R is defined as follows:
The controller input parameters are given by U 1 ∼ U 4 and expressed as follows:
where U 1 ∼ U 4 are the climb, roll, pitch and yaw channel thrust inputs; i , (i = 1, 2, 3, 4) is the corresponding rotor speed in Fig. 2 ; b is the lift coefficient; and k is the moment scaling factor of the force. According to Newton-Euler equation, the dynamic equations can be obtained:
where = 1 − 2 + 3 − 4 ; J r is the propeller inertial coefficient; L is the distance from the body center to a rotor; I x , I y and I z are the QH-1 inertial values along the body frame axis; φ =
are the equations of drag coefficients and unmodeled parts; and k 1 , k 2 , and k 3 are the gain values. It is physically meaningful that φ, θ, and ψ are limited to (−π/2, π/2) in the controller designing process to avoid the no-solution condition.
The position of the body center is represented by p = x y z T with respect to the body frame. The translational dynamic equation along theo-x-y axis is:
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where F is the resultant force,
m are the equations of drag coefficients and unmodeled parts; k 4 , k 5 , and k 6 are the gain values; and R b−e is the translation matrix from the body coordinate to the earth coordinate:
By substituting (2) and (5) into (4), we can obtain the QH-1 translation motion model:
The dynamical model of QH-1 consists of equations (3) and (6).
III. FLIGHT CONTROLLER DESIGN
In this section, a new robust backstepping SMC based on a linear ESO. The classical SMC method for attitude control loop is used to track the attitude (φ, θ and ψ) along the desired command. It is insufficient to achieve entire automation control, which includes attitude-and position-tracking loops. Thus, a new robust backstepping sliding mode control based on the extended state observer (R-SMC-E) is developed in this section. Considering the external unmeasurable parts (equations (3) and (6)) in the controller, a linear ESO is introduced to estimate the system feedback state. Based on the ESO estimation information, the robust SMC controller provides QH-1 the stable ability of attitude control and position tracking in an actual flight scenario.
A. ATTITUDE CONTROL
Based on the dynamic model equation (3), an attitudetracking error is defined as ε = ξ 1 − ξ d , where ξ d is the desired attitude state of ξ , and ξ 1 is the real-time attitude feedback state. A sliding manifold is given by:
where S = s 1 s 2 s 3 is a vector of φ, θ and ψ channels;
is a positive real matrix. The derivative of S is obtained as follows:
By combining equations (3) and (8), the traditional SMC law can be designed. We notice that following the traditional SMC control method, the observation state is directly obtained from the feedback state. The disturbance and unmeasurable parts are not considered. Thus, the system is subject to unpredictable structural changes in the real world. Based on the system model, a linear ESO is designed here. Equation (3) can be rewritten as:
where δ, C and U are defined as:
The linear ESO can be designed:
(10) whereξ = ξ 1ξ2ξ3 is defined as the measurement matrix of the ESO, which desires the condition that when t → ∞, 1, 2, 3) is the positive gain value, and its polynomial s 3 + m 1 s 2 + m 2 s + m 3 respects the Hurwitz rule. ω 0 is the positive gain value of the ESO. The parameters in the ESO are commonly selected by a trial-anderror procedure. To guarantee the attitude-tracking capability, virtual state error ε 2 is used to construct the robust SMC. The attitude error can be rewritten as:
where c is a diagonal coefficient matrix. The Lyapunov function of attitude-tracking error is defined as V 1 = 1 2 ε T 1 ε 1 , and the sliding manifold S in Eq. (7) can be replaced by:
where k = k φ k θ k ψ is the positive value matrix of the sliding mode. The derivative form of S is:
Then, a robust SMC law for attitude control can be obtained from equation (13):
where 
The Lyapunov function is selected as V 2 = V 1 + 1 2 S T S, and its derivative form with respect to time is expressed as:
Variables A, B, c, and k are selected according to Eq. (16), which indicates that the attitude control system eventually converges to the desired points, and the sliding manifold S is reachable. Therefore, the stability of the robust SMC is guaranteed by V 2 andV 2 . The stability analysis after using ESO in the system is in the appendix.
B. POSITION CONTROL
The inner attitude control of the robust SMC for the presented QH-1 is effective in attitude tracking. It guarantees the system attitude stability and provides attitude reference signal-tracking capability. The outer loop of the robust SMC is responsible for the position loop. The position is calculated by combining the onboard GPS data and velocity data, and its response is slower than the inner loop. The position control stability and tracking precision can be affected by the inner loop output. Thus, it is reasonable to ensure the effectivity and robustness of the inner loop. Meanwhile, it helps to simplify the position control loop design and reduces the computer resource consumption. The position control can be easily and safely designed. Thus, the proposed method is better than regular SMC for a nonlinear UAV system.
Because the control input signal U 1 (in Eq. 6) is related to p = x y z T , it is impossible to design a separate SMC law for each position variable. The position controller must introduce a few virtual states into the feedback design to precisely track the position. Taking the x position channel design as an example, the process can be implemented in the following steps:
Step1: An SMC manifold for position along the x-axis is designed: s px = v 1 −ẋ, where v 1 is a virtual controller. The Lyapunov function is selected as:
The derivative of equation (17) is:
To guarantee that V x is stable, v 1 is selected as v 1 =ẋ d + n 1 x, n i > 0, i ∈ R. Then,V x can be rewritten as:
Step2: A second Lyapunov candidate is selected as: (6) is selected to be determined. The derivative form of equation (19) is: (20) and (21), the second virtual controller v 2 is obtained:
where n 2 is a positive constant. To stabilizeV x and guarantee the x-axis position-tracking performance, the following inequation must be considered:
We follow similar procedures to design the control laws for they-axis and z-axis channels. The corresponding virtual controllers v 3 and v 4 are obtained as follows: (24) where the sliding manifolds are: s py =ẏ d + n 3 y −ẏ and s pz =ż d + n 5 z −ż. A group of virtual controllers Eqs. (22) and (24) is used to design the controller for position tracking. The ultimate position control law is determined using the backstepping technique. ψ is given in the trajectory message, so it is considered known. φ and θ must be designed as reference signals to the attitude control loop, which can be obtained from Eqs. (22) and (24) as follows:
ξ d of the attitude control law in section 3.1 can be solved:
By combining (21) and (23), we obtain the ultimate position control law using backstepping and sliding mode control techniques. U 1 is expressed as follows:
U 1 must have a solution because ψ is limited to (−π/2, π/2) in the computing process. The ultimate robust SMC law is finally obtained from Eqs. (14) and (27) . The Lyapunov theory guarantees the system stability and ensures the precise position-tracking capability.
IV. FLIGHT TEST
In this section, to verify the efficiency and robustness of the proposed method, a flight test is executed on the QH-1 platform, which was designed and developed by our researchers. To compare the efficiency of the proposed robust SMC control law to the SMC [18] , they are tested on two identical-parameter quadrotors: QH-1 is equipped with the proposed controller, and a contrasting one is equipped with the SMC [18] . In the experimental scene, the command time label of the contrast, which is sent to the quadrotor, is 3.2 seconds slower than QH-1 to ensure that the comparison experiment is conducted under identical disturbance and safedistance conditions without affecting each other. The two controllers are built around ROS [27] on a laptop with an i5-7200U CPU, 8 GB 1866 MHz RAM, and 256 GB SSD ROM. The laptop directly obtains the platform state information at high rates (greater than 200 Hz) and subsequently computes the system rotor speed outputs. The speed commands are sent to the controllers to drive the motors.
A. PLATFORM
The QH-1 main parameters are shown in Table 1 . The measurable part is determined by the ground test. The unmeasurable part is determined using the MATLAB identification toolbox to identify the manual flight input and output data. The proposed controller parameters are determined by trial and error and listed in Table 2 . QH-1 is equipped with the onboard ARM, IMU, and Real-Time Kinematic (RTK) GPS. The measurement accuracy of the velocity is 5 cm/s, the attitude is 0.1 degree, and the position is 5 cm. An onboard storage system is designed to record flight data in the memory card. 
B. EXPERIMENT
A flight test, combined with two types of flight mode, is conducted on the QH-1. The platform takes off, arrives at the start point (−452, 606, 101) in Fig. 6 , begins to fly two circles and executes a downward spiral flight mission. The circle 33484 VOLUME 6, 2018 radius is 10 meters. The first flight mode tests the stable capability of attitude-and position-tracking control when the QH-1 executes the pirouetting flight mission. The second mode tests the dynamic performance of the proposed robust SMC law when the QH-1 executes the downward spiral flight [24] - [26] . Pirouetting and downward spiral modes are two typical flight modes to illustrate the UAV attitude-and position-tracking performance following the desired signals. The flight test is on open ground. The wind speed is 3.5 m/s, and its direction is shown in Fig. 9 . When the two quadrotors receive the control commands, the rotary inertia disturbance signal (Fig. 4) is injected in the system model parameters (I x , I y , I z ) along the o-x-y-z axis to simulate the uncertain model parameters scenario, and the inertia disturbance signal is shown in Fig. 4 .
When an identical disturbance is injected, Fig. 5 shows that the attitude angle curves of different controllers follow the reference signals. All state variables are driven to the reference signal. Moreover, the ψ channel response maintains an approximately error-free tracking state because the ψ channel has independence and small-coupling effects. However, the φ and θ channels responses fluctuate around the reference signals. The proposed method has better dynamic response and less tracking error in the highlighted zoomed area of the pitch and roll response curves than the traditional SMC [18] . The yaw response curves show that the two different methods have little difference, but in the magnified figure, VOLUME 6, 2018 the proposed controller has more accurate performance than the SMC [18] . Fig. 6 shows the x-y axis velocity response curves. From equation (6), we know that velocity variables are related to the attitude angle outputs. Thus, based on the performance in Fig. 5 , it is reasonable to speculate that the robust SMC controller can realize more accurate velocity control, as illustrated in the results in Fig. 6 .
As shown in Figs. 7-8, the proposed method executes the experimental mission and tracks the reference path more accurately than the SMC [18] under identical disturbances. The proposed method is more robust and has more accurate altitude response. In Fig. 8 , the projected paths show that the proposed method realizes much smoother path tracking and has less fluctuation than the SMC [18] . All experimental results demonstrate that the proposed method is more efficient than the SMC. Another remarkable performance for the robust SMC is the solution speed. The average computer cost of the proposed method is 2 ms around each loop, which achieves the minimum 200 Hz requisite, whereas the SMC takes 0.8 ms, as shown in Fig. 10 . Although the proposed method spends more time than the SMC, the proposed method realizes more efficient and robust performance, and its consuming time sacrifices QH-1 with dynamics that evolve on the order of milliseconds. 
V. CONCLUSIONS
The objective of this work is to propose a robust backstepping sliding mode control method for a small-size quadrotor A symmetric positive definite matrix P, which satisfies its Lyapunov function, can be defined as:
where Q is a random symmetry positive definite matrix. The Lyapunov function of the proposed ESO is:
The derivative form of V O is:
The stability of the ESO is guaranteed byV O ≤ 0. We can also obtain the convergence condition of the ESO:
where λ min (Q) is the minimum eigenvalue of Q. 
